INTRODUCTION
Xylan is the major structural component of plant cell wall and the most renewable hemicellulose composed of 1,4-linked b-D-xylopyranosyl residues. Among the annual plants, hardwoods and softwoods contain 20-25% and 7-12% xylan, respectively (Whistler and Richards 1970) . Xylanases, a repertoire of hydrolytic enzymes, facilitate the complete hydrolysis of xylan. Xylanases have been used to prepare material for scientific research, besides being used as research material themselves. In recent years, they have received a great deal of attention due to their potential application in food, feed, pulp and paper industries (Wong et al. 1988) . Xylanases have been reported from bacteria (Gessesse and Mamo 1998; Inagaki et al. 1998) , fungi (Ishihara et al. 1997; Matsuo et al. 1998; Puchart et al. 1999) , actinomycetes (Fernandez et al. pulp fibres and also generate rayon grade or superior quality dissolving pulps (Jurasek and Paice 1987) . The use of abundantly available and cost-effective agricultural residues to achieve higher xylanase yields and simple, rapid purification procedures provide suitable methods to reduce the manufacturing cost of biobleached paper, thus facilitating the adaptation of this environmentally friendly technology in the industry. In this study, the isolation, purification, characterization and the bleach boosting effects of a xylanase from Staphylococcus sp. SG-13 is reported.
MATERIALS AND METHODS

Micro-organism and culture conditions
Staphylococcus sp. SG-13 was isolated from an alkaline soil sample and was maintained on Horikoshi agar slants (Ikura and Horikoshi 1987) . For xylanase production, the organism was cultivated in Horikoshi medium (glucose replaced by 1% w/v wheat bran, pH 8.0) under shaking (200 r.p.m.) conditions at 37°C. After 48 h, the fermented broth was centrifuged and the cell free supernatant was subjected to purification.
Purification of xylanase
The purification of xylanase was carried out in three steps. The first step involved ammonium sulphate precipitation (between 50 and 80% saturation) of 600 ml cell free supernatant. The saturated solution was left overnight at 4°C, centrifuged, precipitates dissolved in 9 ml Tris-Cl buffer (0.2 mol l −1 ; pH 9.2) and dialysed against the same buffer for 24 h and finally dissolved in 12 ml of buffer. The next step involved subjecting the dialysed protein to an anion exchanger, DEAE-cellulose column (1.5 cm × 19 cm; Pharmacia LKB Biotechnology, Uppsala, Sweden) with a void volume of 11.0 cm 3 and a flow rate 25 ml h −1 . A 60-ml continuous NaCl gradient (0-1 mol l −1 ) was applied and fractions (1.5 ml each) were collected. In the final step, the active fractions (total of 9 ml) were pooled and loaded onto a gel filtration column (2 cm × 30 cm), Sephadex G-100 (Pharmacia) with a void volume of 32 cm 3 and a flow rate was maintained at 15 ml h −1 .
Enzyme assays
The xylanase (EC 3.2.1.8) activity was determined by measuring the release of reducing sugars from oat spelt xylan (1% w/v) by dinitrosalicyclic acid method (Miller 1959) . One unit of xylanase was defined as amount of enzyme required to release 1 mmol of xylose from oatspelt xylan in one min under the standard assay conditions (50°C, pH 9.2).
Protein estimation
The extracellular protein was precipitated with 10% (w/v) trichloroacetic acid at 4°C. After centrifugation at 10 000 g for 10 min, the pellet was dissolved in 0.1 mol l −1 NaOH solution. Thereafter, the protein content was estimated (Lowry et al. 1951 ) using bovine serum albumin as the standard. In purification procedure the protein content was determined by measuring the absorbance at 280 nm.
Characterization of xylanase
The optimal pH was determined by using different buffers (0.2 mol l −1 ) ranging between 3.0 and 11.0 (citrate-phosphate, pH 3.0-6.5; phosphate buffer, pH 6.0-7.5; Tris-Cl, pH 7.5-9.2; Glycine-NaOH, pH 8.5-10.5 and carbonate-bicarbonate, pH 9.0-11.0) and the optimum temperature was determined between 4 and 70°C. The pH stability was determined by incubating the equal volume of enzyme solution with different buffers ranging between 7.5 and 9.5 at 50°C for 1 h. For thermostability determination, the enzyme was incubated at 50, 55 and 60°C for up to 4 h at two different pH 7.5 and 9.2, and the residual activities were determined periodically. The effect of metal ions, metal ion chelators, organic chemical (final concentrations of 1 mmol and 10 mmol) on enzyme activity was determined by incubating the enzyme with respective compounds at room temperature for 1 h followed by determination of residual activities under standard assay conditions. The substrate binding properties of xylanase were studied in a similar manner. The rate of substrate hydrolysis, K m and V max values for oatspelt and birchwood xylans were determined using standard methods.
Chemicals
Most of the chemicals, especially, oatspelt xylan, birchwood xylan, BSA were purchased from Sigma chemicals company (St Louis, MO, USA). All other chemicals and materials used in the present study were of highest purity grade.
Biobleaching of kraft pulps
Pulp samples. Eucalyptus pulp and grass pulp (khar grass) were used for the present study. Kraft pulps were kindly provided by Ballarpur Paper Industries Ltd (Yamunanagar, India). All the studies were performed at 10% pulp consistency, pH 9.5-10.0 at 50°C, unless otherwise mentioned.
Optimization of enzyme dose and reaction time for biobleaching. The optimization of enzyme dose and reaction time was carried out by treating the pulp with different doses of xylanase from Staphylococcus sp. SG-13, ranging between 0 and 3.0 U g −1 moisture free pulp for variable time intervals for up to 8 h and the pulp properties were studied at regular intervals.
Chemical bleaching. The eucalyptus kraft pulp samples were bleached in a multistage bleaching process using CEHH sequence (C, chlorination; E, NaOH extraction; H, hypochlorite treatment). The different type of pulps obtained at each step of chemical bleaching were given a biotreatment with optimal xylanase dose and reaction time at 50°C. Thereafter, pulp properties were determined. The grass pulp was enzymatically prebleached with xylanase and then subjected to 8% hyopchlorite treatment at 45°C for 4 h. (Miller 1959) , release of phenolic compounds (A 237 nm ) and hydrophobic compounds (A 465 nm ) (Patel et al. 1993) .
RESULTS AND DISCUSSION
Morphological, physiological and biochemical characterization of SG-13
An alkalophilic bacterium strain SG-13 was isolated locally from an alkaline soil sample and tentatively identified as Staphylococcus sp. using standard techniques and protocols mentioned in Bergey's Manual of Systematic Bacteriology (Sneath 1994) . Isolate SG-13 was a gram positive, cocci (0.8-1.0 mm in diameter) facultative anaerobe, nonmotile, catalase and oxidase positive, coagulase negative, nonhaemolytic, exhibited reduction of nitrate and tellurite. Other salient features are shown in Table 1 .
Purification of xylanase
The xylanase from Staphylococcus sp. SG-13 was purified using standard techniques i.e ammonium sulphate precipitation (50-80% saturation), DEAE-Cellulose ion exchange chromatography and Sephadex G-100 gel filtration chromatography. A 12-fold purification was achieved with only 5% recovery of xylanase activity, yielding a specific activity of 2.74 U mg −1 protein. The results of xylanase purification are summarized in Table 2 . The molecular weight of purified xylanase was estimated to be 60 kDa by SDS-PAGE. Some workers have also reported xylanases with similar 
SG-13 ------------------------------------------------------Characteristics Results ------------------------------------------------------
25-50°C Growth pH 6.0-11. Salt tolerance (% w/v) 2.5-15.0 Growth at a w (water activity) 0.
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molecular weights, from Aeromonas caviae W61 (Viet et al. 1991) and Bacillus polymyxa CECT 153 (Morales et al. 1993) .
Characterization of xylanase
The purified xylanase was active between pH 6.0 and pH 10.5 and retained more than 70% of its activity. It exhibited a unique property of having dual pH optima at 7.5 and 9.2, respectively (Fig. 1) . The dual pH optima may be due to the presence of two different catalytic sites in the enzyme operating at two different pH levels. Hence, we determined the further characteristics of the xylanase at both levels. A xylanase with dual pH optima has not been reported so far; however, a broad pH optima of 7.5-9.0, 7.0-9.5 and 6.0-10.0 has been reported in xylanases from Micrococcus sp. AR-135 (Gessesse and Mamo 1998) and Bacillus sp. C-125 (Honda et al. 1985) , respectively. The xylanase was stable between pH 7.5-9.5, at 50°C for 1 h, retaining almost 90% of its activity. The pH stability of xylanases between 6.5 and 10.0 (40°C), 5.0-11.0 (50°C), 3.0-8.0 (30°C) and 5.0-8.0 have -----------------------------------------------------------------------------------------------------------------Fig. 1 Effect of assay pH on xylanase activity, assayed at 50°C for 1 h. 100% activity was equivalent to 7.74 U ml −1 been reported from Micrococcus sp. AR-135 (Gessesse and Mamo 1998) , Acidobacterium capsulatum (Inagaki et al. 1998) and Streptomyces chattanoogensis CECT 3336 (Fernandez et al. 1998) , respectively.
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Staphylococcus sp. SG-13 xylanase exhibited temperature optima at 50°C (Fig. 2) at both pH levels. The half lives of xylanase at 50, 55 and 60°C were approximately 240, 30 and 10 min, respectively, at the two pH optima (Fig. 3) . A similar temperature optima of 50°C has been reported for xylanases from Bacillus sp. NCIM 59 (Kulkarni and Rao 1996) and Trichosporon cutaneum SL409 (Liu et al. 1998) . The pH stability and thermostability, a prerequisite in pulp and paper industry, proved to be favourable factors for the application of xylanase in biobleaching of pulps.
The metal ions and organochemical compounds such as Fe 2¦ , Ni 2¦ ; Cu 2¦ , Li ¦ b-mercaptoethanol, dithiothreitol stimulated the enzyme activity up to 60% (Table 3) . However, Ba 2¦ , Co 2¦ , Fe 3¦ , Pb 2¦ , Hg 2¦ Zn 2¦ , ethylenediaminetetraacetic acid, sodium azide, iodoacetamide, acetic anhydride, SDS, phenyl methane sulphonyl fluoride and penicillamine inhibited the xylanase activity by up to 100%, at Fig. 2 Effect of assay temperature on xylanase activity, assayed at pH 7.5 (ž) and 9.2 (Â) for 1 h. 100% activity was equivalent to 7.74 U ml −1 variable concentrations between 1 and 10 mmol (Table 3) , whereas, Mn 2¦ and trisodium citrate did not show any significant effect on enzyme activity. The inhibitory effect of acetic anhydride on xylanase activity indicated that positively charged amino groups are critical for enzyme activity. The stimulation of xylanase activity by b-mercaptoethanol and dithiothreitol and inhibition of activity by iodoacetamide indicated that cysteine residues are a part of catalytic site in the xylanase. The inhibition of xylanase activity by Zn 2¦ , Hg 2¦ , SDS, Co 2¦ (Ishihara et al. 1997; Liu et al. 1998 ) and the stimulation of enzyme activity in the presence of Mn 2¦ , Fe 2¦ b-mercaptoethanol has previously been reported (Cesar and Mrsa 1996) and is in accordance with the present study.
Xylanase exhibited a substrate binding capacity of 92%, 88%, 44% and 24% for oatspelt xylan, chitin, carboxymethy1 cellulose and pectin, respectively, whereas no significant substrate binding was observed for birchwood xylan, wheat bran, rice bran and sugarcane bagasse (Fig. 4) . This observation indicated that the substrate binding domain of xylanase has a greater affinity for xylans from hardwood (oatspelt) com- Fig. 3 Thermostability profile of xylanase assayed at pH 7.5 (žTŽ) and 9.2 (ÂtÁ); at 50°C for 1 h. 100% activity was equivalent to 7.74 U ml
pared to softwood (birchwood), which is probably a result of the difference in the structures of xylan polymers. The binding of xylanase to carboxymethyl cellulose, chitin and pectin might be due to the presence of exposed reactive groups on their surface that bind even the nonspecific proteins. Similarly, specific binding of xylanase on oatspelt xylan has been reported from Streptomyces chattanoogensis CECT 3336 (Fer- Fig. 4 Substrate binding profile of xylanase at 4°C for 1 h. 1, Birchwood xylan; 2, Oatspelt xylan; 3, wheat bran; 4, sugar cane baggase; 5, rice bran; 6, carboxymethyl cellulose; 7, chitin; 8, pectin. 100% xylanase activity was equivalent to 7.74 U ml nandez et al. 1998). Therefore, the substrate specific binding of xylanases has potential in their scale-up purification.
The xylanase exhibited K m values of 4.0 mg ml −1 and 7.0 mg ml −1 against birchwood and oatspelt xylan, respectively (Fig. 5) . The V max values for both the substrates were 90 mmol min −1 per mg and 55 mmol min −1 per ml, respectively (Fig. 6) . The rate of substrate degradation by xylanase was rapid between 10 and 25 min and 15-45 min for birchwood and oatspelt xylan and attained stationary phases after 30 min and 50 min, respectively (Fig. 7) . The comparative data revealed that the rate of hydrolysis was faster in birchwood xylan than oatspelt xylan. The xylanase from Bacillus polymyxa CECT 153 exhibits a K m value of 6.30 mg ml −1 on birchwood xylan (Morales et al. 1993 ) and xylanases from Bacillus stearothermophilus 21 (Nanmori et al. 1990 ) and Streptomyces sp. EC 10 (Lumba and Penninckx 1992) exhibits K m values of 3.8 and 3.4 mg ml −1 , respectively, on oatspelt xylan.
Biobleaching of kraft pulp
The xylanase dose for the biobleaching of eucalyptus kraft pulp, at 50°C, was optimized as 1.8 U g −1 moisture free pulp ( Table 4 ). The biobleaching efficiency of xylanase treatment on eucalyptus pulp was maximum after 4 h with a reduction in kappa number by 25% and release of reducing sugars increased by 10-fold. The release of chromophores (A 237 nm ) and hydrophobic compounds (A 465 nm ) were also maximum after 4 h reaction time (Table 5 ). The correlation between the release of chromophores (A 237nm ), hydrophobic compounds ------------------------------------------------------------------------ ---*100% activity was equivalent to 7.74 U ml (A 465 nm ) and the reduction in kappa number coupled to the release of reducing sugars suggested the dissociation of lignin-carbohydrate complex from the fibres. Higher enzyme dose or longer periods of incubation did not enhance the extent of biobleaching benefits significantly. Many workers have reported an improvement in pulp and paper properties by using the optimized dose of xylanase in the biobleaching process. Xylanase from Streptomyces thermoviolaceus at a dose of 5 U g −1 moisture free pulp at pH 5.0 and 30°C for 24 h, reduced the kappa number by 18% and resulted in an increase in brightness of the paper (Garg et al. 1998) , whereas, xylanases from Streptomyces roseiscleroticus (Patel et al. 1993) and Bacillus sp. NCIM59 (Kulkarni and Rao 1996) when applied on pulp at a dose of 3 U g −1 and 10 U g −1 , respectively, reduced the kappa number and improved the strength properties of the pulp. Successful biotreatments of pulps with commercial xylanases have also been reported, e.g. pulpzyme Table 4 Optimization of xylanase dose for the biobleaching of eucalyptus kraft pulp at 50°C, pH 9.5-10.0 after 6 h   -------------------------------------------------------------------------- -------------------------------------------------------------------------- --------------------------------------------------------------------------- 
---------------------------------------------------------------------------% Residual xylanase activity ---------------------------Metal ion and chemical agents Concentration (mmol) pH 7.5 pH 9.2 ---------------------------------------------------------------------------
Table 5
Optimization of reaction time for the biobleaching of eucalyptus kraft pulp at 50°C, pH 9.5-10.0 using a xylanase dose of 1.8 U g −1 moisture free pulp Table 6 Effect of Staphylococcus sp. SG-13 xylanase on physicochemical properties of pulp obtained at different stages during CEHH based bleaching of eucalyptus pulp -------------------------------------------------------------------------- -X, xylanase treatment with 1.8 U g −1 pulp (50°C for 4 h; pH 9.0-9.5). C, chlorine treatment with 4.5% Cl 2 (50°C for 45 min; pH 4.0-4.5). E, caustic extraction with 0.8% NaOH (55°C for 90 min; pH 9.0-9.5). *H, hypochlorite I treatment with 2.5% Cl 2 ¦ 0.5% NaOH (40°C for 150 min; pH 9.5-10.0). †H, hypochlorite II treatment with 0.75% Cl 2 ¦ 0.4% NaOH (40°C for 90 min; pH 9.0-9.5).
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HA (Novo Nordisk a/s, Denmark) (Pedderson 1989) and Cartazyme (Sandoz, USA) (Fleming 1991 ) at a dose of 0.75 U g −1 at 50°C and 0.5-2.0 U g −1 at 50°C (pH 4.8), respectively.
It was observed that in the CEHH based conventional chemical bleaching process, the biobleaching effects of xylanase from Staphylococcus sp. SG-13 on eucalyptus kraft pulp was observed at each stage of the process but the maximum biobleaching was achieved at the first stage where the xylanase treated kraft pulp exhibited a 16% reduction in the kappa number (Table 6 ), which was significantly more compared to the other stages of bleaching process. Therefore, enzymatic prebleaching of kraft pulp was established as the most suitable step to facilitate bleach boosting of pulp. The application of xylanases as prebleaching agent for pulp improvement has previously been reported by some workers (Ragauskas et al. 1994; Tenkanen et al. 1997; Khanongnuch et al. 1998) .
The biobleaching experiments on grass pulp were carried out with the xylanase from Staphylococcus sp. SG-13. The grass pulps were prebleached with xylanase and then subjected to 8% hypochlorite treatment. The physical and chemical properties of the pulp revealed an increase in brightness index by 11% and reduction in kappa number by 30% as evident from the release of hydrophobic compounds (A 465 nm ) and phenolic compounds (A 237 nm ) ( Table 7 ). The release of reducing sugars and the release of lignin and phenolic compounds (absorbance at 237 nm) are interrelated phenomena. When the kraft pulp was pretreated with xylanase, the xylose sugar was released from the xylan layer of hemicellulose which ultimately resulted in the high free sugar content in the pulp sample. Since xylan is a part of hemicellulose which is sandwiched between the lignin and cellu- --------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------- lose layers, when xylan was degraded by the xylanase, in addition to xylose, it also caused the release of lignin and phenolic compounds from the pulp fibres which ultimately cause the enhancement in the absorbance (237 nm) of xylanase treated pulp sample compared to the control (untreated pulp sample) and the chemical treated pulp (Table 7 ). An improvement in viscosity by 1.8% was observed which might be a result of the selective removal of lower (degree of polymerization) xylans and enrichment of high molecular weight polysaccharides. A reduction in chlorine consumption by 8% could be achieved in biobleached pulp in order to obtain the same level of brightness as in the case of chemically bleached pulp (control). An increase in burst factor by 17% and tensile strength by 10% was also observed ( Table 7 ) which indicated that enzymatic prebleaching process could have facilitated an increase in pulp fibrillation, water retention and restoration of bonding in fibres. Biobleaching benefits, such as reduction in kappa number by 25% and increase in brightness by 10%, with the application of xylanase from Humicola sp. (Silva et al. 1994 ) has been reported. Commercial xylanases (Novozyme 473, VAI Xylanase and Cartazyme HS-10) resulted in a 31% reduction in chlorine consumption and a 30% reduction in total organic chlorine content in the extraction stage effluent, with an increase in the brightness, tensile strength and burst factor by 3%, 26% and 32%, respectively (Bajpai et al. 1994) . The biotreatment of pulp with xylanase from Bacillus sp. NCIM 59 resulted in the reduction of kappa number by 21% and increase in brightness by 2.5% (Kulkarni and Rao 1996) . A chlorine saving of 30-35% by the biotreatment with cellulase free xylanase from Streptomyces thermoviolaceus (Garg et al. 1998) and an increase in the brightness by 8% using xylanase from Bacillus subtilis (Khanongnuch et al. 1998 ) has been reported. The present study showed that the xylanase from Staphylococcus sp. SG-13 was active in neutral as well as in alkaline conditions, was quite thermostable and showed high binding affinity for oat spelt xylan. Hence, it qualified for use in the biobleaching of kraft pulps where it significantly reduced the kappa number by 30% and enhanced the brightness of paper by 11%, even at very low dose of 1.8 U g -1 pulp. No previous report has described a xylanase, having all the desired properties and economical use at comparatively low dose, giving such highly satisfactory results in the biobleaching process.
